We report on the search for spectral irregularities induced by oscillations between photons and axion-like particles (ALPs) in the γ-ray spectrum of NGC 1275, the central galaxy of the Perseus cluster. Using six years of Fermi Large Area Telescope data, we find no evidence for ALPs and exclude couplings above 5 × 10 −12 GeV −1 for ALP masses 0.5 < ∼ m a < ∼ 5 neV at 95 % confidence.
INTRODUCTION

109
Axions and axion-like particles (ALPs) are predicted by a variety of extensions of the
110
Standard Model [1] [2] [3] [4] [5] [6] . If produced non-thermally in the early Universe, these particles may 111 account for all or a significant fraction of the cold dark matter (DM) [e.g. 7-9], and could 112 be detected through their coupling to photons in magnetic fields [10] . While the axion mass 113 is proportional to its coupling to photons, these two parameters are independent in the case 114 of ALPs.
115
Photon-ALP interactions could leave an imprint on γ-ray spectra, provided that the 116 ALP mass is sufficiently small, m a < ∼ µeV. Above a critical energy E crit photon-ALP mixing 117 becomes maximal, leading to a reduction of the photon flux [11, 12] . Around E crit this is 
189
For the turbulence spectrum, we assume values derived from RMs of the cool-core cluster
190
A 2199 [46] , which has a comparable number of member galaxies. bin. For each tested value of µ ik we re-optimize the normalization of the spectrum of the 216 radio galaxy IC 310 which has an angular separation of ∼ 0.6
• from NGC 1275.
217
Under the ALP hypothesis, characterized by P γγ ≡ P γγ (E, m a , g aγ , B j ) for one random 218 turbulent B-field realization B j , the expected number of photons is calculated through
where the integration runs over the true energy bin ∆E k , E i is the exposure, and D 
for each event type separately, using the pre-computed likelihood curves L(µ ik , θ i |D ik ). In types:
where µ 0 are the expected counts for the null (no ALP) hypothesis with maximized nuisance 
243
The mass range is chosen such that E crit falls into the analyzed energy range whereas the 244 maximum coupling is motivated by the bound found in [38] . For the lower bound, the 245 amplitude of the irregularities is too small to be detectable.
246
In order to convert the TS value into a significance, we need to know the underlying 247 probability distribution. We derive the null distribution from Monte-Carlo simulations and 248 from it the threshold TS value, TS thr , for which we can reject the null hypothesis (see the
249
Supplemental Material for details). For a rejection of the no-ALP hypothesis at a 3 σ (global)
250
significance level, we find that TS > TS thr = 33.1.
251
RESULTS
252
The best-fit ALP parameters are found at m neV = 44.6 and g 11 = 4.76 with TS = 
261
The excluded parameter space is shown in the left panel of Fig. 2 (black shaded region) . Poisson noise in the data, these ALP parameters cannot be excluded. We stress that the 268 fit with ALPs is not preferred over the null hypothesis. For masses below m a,neV = 0.5,
269
irregularities still enter the Fermi -LAT energy range allowing to exclude ALP parameters.
270
The observed limits agree well with the expected exclusion region derived from Monte-
271
Carlo simulations (shaded regions). The "hole" feature is not visible in the expected limits 
291
The absorption is maximally ∼ 8 % at 500 GeV with significantly smaller relative differences clusters, thereby enabling a more precise determination of their magnetic fields [60] .
316
The analysis presented here can be easily extended to other sources that reside in clusters
317
(e.g. M 87 in the Virgo cluster) or in general to any source where ALP-induced spectral 
